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ABSTRACT
Ever since the discovery of the first exoplanet, astronomers have made steady progress towards
finding and probing planets in the habitable zone of their host stars, where the conditions could be
right for liquid water to form and life to sprawl. Results from the Kepler mission indicate that the
occurrence rate of habitable-zone Earths and super-Earths may be as high as 5–20%. Despite this
abundance, probing the conditions and atmospheric properties on any of these habitable-zone planets
is extremely difficult and has remained elusive to date. Here, we report the detection of water vapor
and the likely presence of liquid water clouds in the atmosphere of the 8.6 M⊕ habitable-zone planet
K2-18b. With a 33 day orbit around a cool M3 dwarf, K2-18b receives virtually the same amount of
total radiation from its host star (1441± 80 W/m2) as the Earth receives from the Sun (1370 W/m2),
making it a good candidate to host liquid water clouds. In this study we observed eight transits
using HST/WFC3 in order to achieve the necessary sensitivity to detect water vapor. While the thick
gaseous envelope of K2-18b means that it is not a true Earth analogue, our observations demonstrate
that low-mass habitable-zone planets with the right conditions for liquid water are accessible with
state-of-the-art telescopes.
Keywords: planets and satellites: individual (K2-18b) – planets and satellites: atmospheres
1. INTRODUCTION
The recent discovery of the transiting 8.63± 1.35 M⊕
exoplanet K2-18b in the habitable zone of a bright,
Corresponding author: Bjo¨rn Benneke
bbenneke@astro.umontreal.ca
nearby M3-dwarf provides us with an opportunity to
carry out the spectroscopic study of the atmosphere of a
habitable-zone planet outside our solar system (Montet
et al. 2015, Benneke et al. 2017, Cloutier et al. 2019).
K2-18b is an intriguing planet because its equilibrium
temperature (265 ± 5K at an albedo of A = 0.3) is po-
tentially very close to that of the Earth (257 K). The
planet’s predicted temperature provides the right con-
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ditions for liquid water and complex organic molecules,
a condition generally regarded as necessary for the ex-
istence of life as we know it. Although K2-18b has a
much shorter orbital period (33 days) than the Earth,
its host star is cooler and smaller than the Sun (3503
K, 0.46 R), and has only 2.7% of the Sun’s luminos-
ity. As a result, the total irradiation received by K2-18b
(1441± 80 W/m2) at 0.143 AU is very close to that re-
ceived by the Earth (1370 W/m2), albeit with a different
spectral energy distribution.
Compared to habitable-zone planets around Sun-like
stars, habitable-zone planets around M dwarfs offer two
key advantages for atmosphere studies (Nutzman &
Charbonneau 2008). The small diameter of the star
results in larger transit signatures as the amplitude of
transit and atmospheric signals scale inversely with the
square of the stellar radius. Furthermore, the short or-
bital periods for habitable zone planets around mid M-
dwarfs (30–70 days) enables the observation of repeated
transits within a relatively short time frame. This means
that for K2-18b, we were able to observe eight transits
with Wide Field Camera 3 on the Hubble Space Tele-
scope (HST/WFC3) over a period of 3 years. Kepler
showed that roughly 40% of M-dwarfs host small planets
(1–2 R⊕) in the habitable zone (Kopparapu 2013, Dress-
ing & Charbonneau 2013, 2015, Silburt et al. 2015, Farr
et al. 2015), suggesting that planets like K2-18b may
be relatively common. However, most of the M dwarf
planetary systems detected in the original Kepler sur-
vey were extremely faint, making spectroscopic charac-
terization of these planets prohibitively inefficient. For-
tunately, K2-18b orbits a relatively bright (K = 8.89)
host star, permitting detailed characterization of its at-
mosphere.
Beyond its potentially temperate climate, K2-18b also
occupies an interesting niche in mass-radius space. Very
little is currently known about the bulk and atmospheric
compositions of planets with masses between those of
Earth and Neptune. These planets have no analogs in
the Solar System, and aside from the recent atmospheric
detection for GJ 3470b (Benneke et al. 2019), most at-
mospheric studies have resulted in non-detections due to
the prevalence of high-altitude clouds (Kreidberg et al.
2014, Knutson et al. 2014b, Crossfield et al. 2017). Re-
fined population studies of the radius distribution of
sub-Neptune-sized planets have revealed a significant
drop in the population between 1.5 − 2.0 R⊕ (Fulton
et al. 2017, Fulton & Petigura 2018), which has been at-
tributed to photoevaporation (Owen & Wu 2013, Lopez
& Fortney 2013, Lopez & Rice 2018). In this pic-
ture, the most highly irradiated super-Earths are ex-
pected to have primarily rocky compositions and rela-
tively small radii, while less irradiated super-Earths are
able to retain a modest (few percent in mass) primordial
hydrogen-rich atmosphere that inflates their observed
radii to values greater than 2.0 R⊕. With a relatively
low incident flux and a measured radius of 2.71±0.07 R⊕
(Cloutier et al. 2019), K2-18b would then be expected to
host an extended hydrogen-rich atmosphere, making it a
favorable target for atmospheric characterization studies
using the transmission spectroscopy technique.
In this work, we present a detection of water vapor
in the atmosphere of the habitable-zone exoplanet K2-
18b. In Section 2 we describe the observations obtained
with HST, Spitzer, and K2, as well as the techniques
used to reduce the data and produce spectrophotometric
lightcurves. In Section 3 we discuss the data analysis
and present the best-fit white light curve parameters
and transmission spectrum. Our atmospheric modeling
analysis is described in Section 4, the main results are
presented in Section 5, and the possibility of liquid water
clouds is discussed in Section 6.
2. OBSERVATIONS AND DATA REDUCTION
Our team observed the transiting habitable-zone exo-
planet K2-18b with Wide Field Camera 3 on the Hubble
Space Telescope (HST/WFC3) as part of two large spec-
tral surveys of low mass exoplanets (GO 13665 and GO
14682; PI Benneke). Building up sufficient signal-to-
noise was possible for this habitable-zone planet because
the shorter orbital period (33 days) enabled us to ob-
serve 8 independent transits within 3 years. The SNR of
the transmission signal was further boosted by the small
stellar radius, which amplifies the signal of the planet
and atmosphere during transit. We complement the
HST/WFC3 observations with two new Spitzer transit
observations taken at 3.6 µm (Program 12081, PI Ben-
neke) as well as previously published Spitzer (4.5 µm)
and Kepler/K2 transit observations from Benneke et al.
(2017) (see Table 1).
2.1. HST/WFC3 transits
Each of our eight HST/WFC3 visits spanned 6.5
hours and consisted of four full telescope orbits sepa-
rated by 45-min gaps in data collection due to Earth oc-
cultation (see Figure 1). We obtained the HST/WFC3
time series with the G141 grism in spatial scan mode. In
this configuration the telescope is scanned during the ex-
posure, moving the stellar spectrum across the detector
perpendicular to the dispersion direction (Deming et al.
2013, Kreidberg et al. 2014). This allows for a signifi-
cantly higher efficiency when observing bright stars like
K2-18b. In order to minimize instrumental overheads
we utilized both forward and backward scans with the
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Instrument Filter/Grism Wavelength [µm] UT Start Date
Kepler/K2 0.4–0.9 2014/11/14 (K2 Campaign 1)
HST/WFC3 G141 1.1–1.7 2015/12/06
2016/03/14
2016/05/19
2016/12/02
2017/01/04
2017/02/06
2017/04/13
2017/11/30
Spitzer/IRAC Channel 1 3.0-4.0 2016/03/14
2016/08/26
Spitzer/IRAC Channel 2 4.0-5.0 2015/08/29
Table 1. Summary of all transit observations of K2-18b analyzed in this work.
maximum possible duration, covering a large fraction of
the 256×256 pixel detector sub-array used for fast read-
outs. Although we observed a ninth HST/WFC3 transit
as part of this same program, it was corrupted by tele-
scope guiding errors which resulted in the spectrum mi-
grating off the detector subarray and prevented us from
doing useful science with the this particular transit ob-
servations.
Following the standard procedure (e.g., Deming et al.
2013), we minimized the contribution from the sky back-
ground by subtracting consecutive non-destructive reads
and then co-adding these background-subtracted subex-
posures. We then used the wavelength-dependent flat
field data provided by STScI to build flat-fielded im-
ages. Bad pixels were removed and replaced by the cor-
responding value in a normalized row-added flux tem-
plate.
The combined effect of the spatial scans and the
position-dependent grism dispersion results in a slightly
trapezoidal shape for the illuminated patch on the de-
tector instead of a perfectly rectangular patch. This im-
perfection is the due to a small difference in the disper-
sion on the detector along its y-axis, yielding a system-
atic horizontal shift of each wavelength by 2 to 3 pixels
across the scan. We therefore integrated over trape-
zoidal wavelength bins instead of rectangular ones, built
from lines of constant wavelength obtained from our 2D
wavelength solution computed across the detector, fol-
lowing Tsiaras et al. (2015) and Tsiaras et al. (2018).
We use the same procedure as in Benneke et al. (2019)
for the flux integration, avoiding any pre-smoothing and
accounting for the partial pixel flux along the bin bound-
aries to ensure total flux conservation. After shifting the
x position in each frame to correct for the small observed
drift in the star’s position across the observations, we
obtain the uncorrected spectrophotometric light curves.
2.2. Spitzer/IRAC transits
We obtained two new transit observations of K2-18b
with Spitzer at 3.6 µm (Program 12081, PI Benneke)
and re-analyzed the 4.5 µm transit observation pre-
viously published in Benneke et al. (2017). The 3.6
µm transit observations were preceded by 30-minute
pre-observations in peak-up mode to mitigate telescope
drift and temperature variations associated with a re-
cent shift in pointing (Grillmair et al. 2012). We used
0.4 s exposures and observed for a total of ∼ 8 hours on
2016 March 14 and 2016 August 26 (see Figure 2).
We followed standard procedure for Spitzer/IRAC im-
age processing and started from the flat-fielded and
dark-subtracted “Basic Calibrated Data” (BCD) im-
ages. We used the method presented in Kammer et al.
(2015) for background estimation, and determined the
position of the star following Benneke et al. (2019). We
then chose the aperture, trim duration, and bin size to
minimize both the RMS of the unbinned residuals and
the time-correlated noise in the data for individual fits.
2.3. Kepler/K2 transits
We supplemented our dataset with two previously
published K2 transits of K2-18b, corrected for variations
associated with telescope jitter and cosmic ray hits as
described in (Benneke et al. 2017).
3. DATA ANALYSIS
We jointly fit the HST, Spitzer, and K2 transit
datasets and build the visible-to-IR (0.4–5.0µm) trans-
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Figure 1. White light curve fit from the joint analysis of
the eight WFC3 transit observations of K2-18. The top panel
shows the best fitting model light curves (black curve), over-
laid with the systematics-corrected data (circles). Residuals
from the light curve fits are shown in the middle panels.
The bottom panels shows a histogram of the residuals nor-
malized by the fitted photometric scatter parameter for each
respective transit. The residuals follow the expected Gaus-
sian distribution for photon noise limited observations.
mission spectrum for K2-18b (Figure 4). The analyses of
the white and spectroscopic light curves are detailed in
Sections 3.1 and 3.2. We check the consistency of HST
transit depths in each spectroscopic channel across all
eight epochs and show that all residuals follow white
noise predictions. The RMS values of the residuals from
Figure 2. Broadband light curve fit from the joint anal-
ysis of the three Spitzer/IRAC transit observations of K2-
18. The top panel shows the best fitting model light curves
(black curve), overlaid with the systematics-corrected data
(circles). Residuals from the light curve fits are shown in
the middle panels. The bottom panels shows a histogram
of the residuals normalized by the fitted photometric scatter
parameter for each respective transit. The residuals follow
the expected Gaussian distribution for photon noise limited
observations.
our HST fits lie within 10% of the theoretical shot noise
limit. The HST observations provide the best transit
depth precision due to the repeated observations, the
larger telescope diameter, and the higher stellar flux at
HST/G141 wavelengths. The addition of the Kepler
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and Spitzer data substantially increases the wavelength
coverage.
3.1. Transit white light curve fitting
We carry out our global analysis of the WFC3, K2,
and Spitzer transit light curves within the ExoTEP anal-
ysis framework (Benneke et al. 2017). We jointly fit
transit and systematics models along with photometric
noise parameters using a Markov Chain Monte Carlo
(MCMC) method.
The main astrophysical outputs of the analysis are the
global transit parameters (a/R?, b), the ephemeris (T0,
P ), and the transit depths in the K2, HST/WFC3 and
Spitzer/IRAC bandpasses. Prior to the global MCMC
fit, we analyze each transit light curve individually and
then initialize the corresponding systematics parameters
in the global fit at their best-fit values to ease conver-
gence. We find that the planet-to-star radius ratio esti-
mates across visits in the same band are self-consistent
to within 1σ.
3.1.1. HST/WFC3 Instrument Model
We correct for systematic trends in the uncorrected
WFC3 transit light curves by simultaneously fitting an
analytical model-ramp function along with the astro-
physical transit model. Following previous studies (e.g.,
Berta et al. 2012, Deming et al. 2013, Kreidberg et al.
2014), we account for the possible presence of both visit-
long slopes and orbit-long exponential ramps using the
following parametrized instrumental systematics model:
SWFC3(t)) = (cd(t) + vtv)× (1− exp (−atorb − b)). (1)
Here, c is a normalization constant, d(t) is set to 1 for
forward scans and d for backward scans to account for
the systematic flux offset between the scan directions, v
is the visit-long linear slope, a and b describe the rate
and amplitude of the orbit-long exponential slope, and
tv and torb are the time in hours since the start of the
visit and the start of the observations within the current
orbit. Following standard procedure, we discard the first
HST orbit of each visit, as it systematically exhibits
a stronger ramp than the three subsequent orbits, and
remove the first forward and backward scan exposures
of each orbit.
3.1.2. Spitzer/IRAC Instrument Model
We account for the presence of systematic variations in
the Spitzer time series due to sub-pixel inhomogeneities
in the detector’s sensitivity using the pixel-level decorre-
lation (PLD) model as described in Deming et al. (2015),
Benneke et al. (2017):
SSpitzer(ti) = 1 +Ae
−ti/τ +mt+
∑9
k=1 wkDk(ti)∑9
k=1Dk(ti)
. (2)
For each Spitzer visit, the systematics model includes
both a linear-exponential ramp in time (Ae−ti/τ + mt)
and the PLD term. In this analytical model, Dk(ti) are
the detector count arrays in each of the 3×3 pixels cov-
ering the central region of the PSF. The coefficients wk
are time-independent PLD weights. The 10 parameters
in this model are fitted along with the transit model for
all Spitzer datasets.
3.1.3. Kepler/K2 Instrument Model
We use the detrended K2 light curves of K2-18b from
Benneke et al. (2017), and additionally fit a linear trend
with time to allow for a residual slope in each visit su-
perimposed with the transit signal.
3.1.4. Transit Model and MCMC Analysis
Our astrophysical transit light curve model f(ti) is
computed using the Batman module (Kreidberg 2015).
For the joint white light curve fit, four distinct tran-
sit depths are fitted for K2, WFC3, IRAC 3.6 and
4.5µm, but the orbital parameters are assumed to be
consistent for all 12 light curves. We also fit limb-
darkening coefficients using a quadratic law because the
eight HST/WFC3 combined provide full time coverage
of the transit light curve including ingress and egress 1.
The cadence of the observations is accounted for by in-
tegrating the model over time within each exposure for
the calculation of the log-likelihood:
lnL =
N∑
V=1
− nV lnσV − nV
2
ln 2pi
−
nV∑
i=1
[dV (ti)− SV (ti)× fV (ti)]2
σ2V
,
(3)
where N is the number of visits, nV is the number of
data points dV (ti) in visit V , and σV is a photometric
noise parameter associated with each visit, simultane-
ously fitted to account for the possibility of variations in
the scatter between independent visits. Each visit has a
different systematics model SV (ti) with additional free
parameters specific to the instrument that performed
the observations, as described in the previous sections.
The likelihood is used for finding best-fit parameters and
to obtain the joint posterior distribution of all astrophys-
ical and systematics model parameters using the emcee
package (Foreman-Mackey et al. 2013). All parameters
have flat priors and initial values for the joint MCMC
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Parameter Unit Value
a/R? – 72.15
+0.83
−0.82
b – 0.774+0.013−0.014
T0 BJDUTC 2457527.91121
+0.00007
−0.00006
P days 32.940038± 0.000009
Table 2. Orbital parameters of K2-18b
Instrument Wavelength Depth +1σ -1σ
[µm] [ppm] [ppm] [ppm]
K2 0.40 – 0.90 2873 52 53
HST/WFC3 1.12 – 1.15 2937 31 33
1.15 – 1.18 2886 29 30
1.18 – 1.21 2874 27 26
1.21 – 1.24 2912 26 28
1.24 – 1.27 2913 28 29
1.27 – 1.30 2897 29 28
1.30 – 1.33 2901 27 27
1.33 – 1.36 2970 28 27
1.36 – 1.39 2955 30 30
1.39 – 1.42 2952 31 32
1.42 – 1.45 2978 26 26
1.45 – 1.48 2914 27 27
1.48 – 1.51 2929 26 27
1.51 – 1.54 2893 29 29
1.54 – 1.57 2862 28 28
1.57 – 1.60 2897 28 28
1.60 – 1.63 2884 27 26
Spitzer Channel 1 3.05 – 3.95 2849 91 89
Spitzer Channel 2 4.05 – 4.95 2882 94 92
Table 3. Optical to near-IR spectrum of K2-18b
fit are set to the best-fitting parameters to the individ-
ual uncorrected light curves. The median and 1σ values
of the orbital parameters and transit depths in the K2
and Spitzer bandpasses are quoted in Tables 2 and 3,
respectively.
3.2. HST/WFC3 Transit spectroscopy
We use the approximate wavelength-independence of
the ramp-like systematic variations in the WFC3 data
to our advantage and follow standard practice in using
the results of the white light curve fitting to correct sys-
tematics in each spectroscopic light curve. We test two
methods for the correction: either dividing each of the
spectroscopic time series by its corresponding best-fit
systematics model from the white light curve analysis,
or dividing it by the ratio of the white light curve to its
best-fitting transit model; we find no significant differ-
0.996
0.997
0.998
0.999
1.000
1.001
Re
la
tiv
e 
Fl
ux
1.12 - 1.15 um
2015-12-06
2016-03-14
2016-05-19
2016-12-02
2017-01-04
2017-02-06
2017-04-13
2017-11-30
200 150 100 50 0 50 100 150 200
Time from Transit Center [minutes]
1000
500
0
500
1000
Re
sid
ua
ls 
[p
pm
]
4 3 2 1 0 1 2 3 4
Residuals / Scatter
0
20
40
60
80
100
Fr
eq
ue
nc
y
Figure 3. Spectrophotometric light curve fit from the joint
analysis of the eight WFC3 transit observations of K2-18.
The wavelength bin between 1.12 and 1.15 µ is shown as
a representative example. The top panel shows the best
fitting model light curves (black curve), overlaid with the
systematics-corrected data (circles). Residuals from the light
curve fits are shown in the middle panels. The bottom panels
shows a histogram of the residuals normalized by the fitted
photometric scatter parameter for each respective transit.
The residuals follow the expected Gaussian distribution for
photon noise limited observations.
ence between the two approaches for pre-correcting the
light curves in terms of the derived parameters.
We perform a joint MCMC fit of a transit and sys-
tematics model to all pre-corrected WFC3 spectroscopic
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Figure 4. Transmission spectrum of K2-18b computed from our global spectroscopic and broadband transit light curve analysis
(black points), and a random sampling of the model transmission spectra in the retrieval MCMC chain (blue curves). The main
feature of the transmission spectrum is the prominent increase in transit depth with the 1.4 µm vibrational bands of water vapor
covered by the HST/WFC3 data. The K2 data point is plotted at visible wavelengths and the Spitzer IRAC measurements are
indicated at 3.6 µm and 4.5 µm.
light curves, and obtain posterior distributions for indi-
vidual planet-to-star radius ratios in each spectroscopic
channel (but keep the parameters (a/R?, b, T0, P) fixed
to the best-fitting values from the white light curve fit).
The resulting WFC3 transit depths are quoted in Table
3.
3.3. Stellar Activity
K2-18 is a moderately active early M dwarf with a
measured rotation period of approximately 39 days and
corresponding photometric variability of 8 mmag in the
Kepler bandpass (Cloutier et al. 2017), 9 mmag in B
band, and 7 mmag in R band (Sarkis et al. 2018). We
see no evidence for spot occultations in any of our transit
light curves, and when comparing the measured tran-
sit depth across multiple visits in the same bandpass
we obtain consistent values, implying that the observed
transit depths are relatively insensitive to variable spot
coverage on the star. We therefore conclude that the
effects of stellar activity on our measured transmission
spectrum are negligible given the large uncertainty on
the optical Kepler transit depth.
4. ATMOSPHERIC MODELING
We jointly interpret the transmission spectra to de-
liver quantitative constraints on the atmosphere of K2-
18b using the SCARLET atmospheric retrieval frame-
work (Benneke & Seager 2012, 2013, Benneke 2015, Ben-
neke et al. 2019, Kreidberg et al. 2014, Knutson et al.
2014a). Employing SCARLET’s chemically-consistent
mode, we define atmospheric metallicity [O/H], the C/O
ratio, the cloud properties and the vertical temper-
ature structure as free parameters. SCARLET then
determines their posterior constraints by combining a
chemically-consistent atmospheric forward model with
a Bayesian MCMC analysis. We perform the retrieval
analysis with 100 walkers using uniform priors on all the
parameters and run the chains well beyond formal con-
vergence to obtain smooth posterior distribution even
near the 3σ contours.
To evaluate the likelihood for a particular set of at-
mospheric parameters, the SCARLET forward model in
chemically-consistent mode first computes the molecu-
lar abundances in chemical and hydrostatic equilibrium
and the opacities of molecules (Benneke & Seager 2013).
The elemental composition in the atmosphere is param-
eterized using the atmospheric metallicity, [O/H], and
the atmospheric C/O ratio. We employ log-uniform pri-
ors, and we consider the line opacities of H2O, CH4, CO,
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CO2, NH3, HCN, H2S, C2H2, O2, OH, PH3, Na, K, TiO,
SiO, H−, VO, HDO, FeH, as well as the collision-induced
absorption of H2 and He.
Following Benneke & Seager (2012), we also include
a cloud deck at a freely parameterized cloud top pres-
sure. The cloud deck is assumed to be opaque to grazing
light beams below the cloud top pressure as would oc-
cur for large droplets. We also explored a more complex
three-parameter Mie-scattering cloud description as in-
troduced in Benneke et al. (2019); however, we find no
significant improvement in the fit to the observed trans-
mission spectrum and we conclude the additional com-
plexity in the retrieval parameter space is not justified
by the data.
Our temperature structure is parameterized using the
five-parameter analytic model from Parmentier & Guil-
lot (2014) augmented with a constraint on the plausibil-
ity of the total outgoing flux. Given the relatively weak
constraints on the atmospheric composition, we conser-
vatively ensure plausibility of the temperature structure
by enforcing that the wavelength-integrated outgoing
thermal flux is consistent with the stellar irradiation,
a Bond albedo between 0 and 0.7, and heat redistribu-
tion values between full heat redistribution across the
planet and no heat redistribution.
Finally, high-resolution synthetic transmission spec-
tra are computed using line-by-line radiative transfer,
which are integrated over the appropriate instrument
response functions to obtain synthetic observations to
be compared to the observations. Sufficient wavelength
resolution in the synthetic spectra is ensured by repeat-
edly verifying that the likelihood for a given model is
not significantly affected by the finite wavelength reso-
lution (∆χ2 < 0.001). Reference models are computed
at λ∆λ = 250000.
5. RESULTS
Our transmission spectrum of K2-18b reveals an at-
tenuated but statistically significant water absorption
feature at 1.4 µm in our HST/WFC3 data (Figure 4).
The water absorption is detected in multiple neighbor-
ing spectroscopic channels covering the 1.4 µm water
band and protrudes over an otherwise relatively flat vis-
ible to near-IR transmission spectrum. Quantitatively,
retrieval models that include molecular absorption by
water are favored by the Bayesian evidence at 3.9σ and
result in significantly better best fits than models with-
out water. Comparisons to models show that the data
are best matched by a hydrogen-dominated atmosphere
(O/H = 1–300 x solar) with water vapor absorbing above
clouds that become optically thick below the 10–1000
mbar level (Figure 5). Higher O/H ratios greater than
O/H relative to solar (above the clouds)
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Figure 5. Joint constraints on cloud-top pressure versus
oxygen-to-hydrogen ratio (O/H) relative to solar above the
cloud deck. The coloured shading indicates the normalized
probability density as a function of O/H above the clouds and
cloud top pressure derived using our Bayesian atmosphere
retrieval framework. The black contours show the 68%, 95%
and 99.7% Bayesian credible regions.
several hundred times solar are disfavored by the com-
bined HST, Spitzer, and K2 data set, indicating that
K2-18b likely hosts an atmosphere rich in hydrogen and
helium.
Transmission spectra generally contain little informa-
tion about the exact vertical pressure-temperature pro-
file, especially for planets for which the mean molecular
weight is not known beforehand. As a result, the free
temperature structure remains largely unconstrained by
the observations. Importantly, however, including a
freely parameterized vertical pressure-temperature pro-
file enabled us to consistently account for the uncer-
tainties introduced by our ignorance of the exact verti-
cal pressure-temperature profile. Similarly, the lack of
sufficiently high-precision spectroscopic observations at
wavelengths explains the relatively poor constraint on
the atmospheric carbon-to-oxygen ratio.
6. DISCUSSION AND CONCLUSIONS
The discovery of water absorption in the atmosphere
of the habitable-zone exoplanet K2-18b represents a
milestone in our search for habitable worlds outside the
Solar System. Given the relatively low irradiation by
the star, K2-18b’s temperature is low enough that the
detected water vapor can plausibly condense to form
liquid droplets. It is therefore possible that liquid wa-
ter rain precipitates in the mid-atmosphere of K2-18b.
To demonstrate the plausibility of liquid droplet forma-
Water Vapor on the Habitable-Zone Exoplanet K2-18 9
100 200 300 400 500 600
Temperature [K]
10 6
10 5
10 4
10 3
10 2
10 1
100
Pr
es
su
re
 [b
ar
]
M=1.0, A=0.1
M=1.0, A=0.3
M=1.0, A=0.5
M=10.0, A=0.1
M=10.0, A=0.3
M=10.0, A=0.5
M=30.0, A=0.1
M=30.0, A=0.3
M=30.0, A=0.5
M=100.0, A=0.1
M=100.0, A=0.3
M=100.0, A=0.5
solid
liquid
gas
Figure 6. Self-consistent temperature-pressure profiles for
different atmospheric scenarios on K2-18b in comparison to
the water phase diagram. The colored curves indicate the
vertical temperature profile for different atmospheric metal-
licity (colors) and Bond albedos (line styles). Note that the
pressure axis is inverted as is commonly done for atmospheric
temperature profiles. The temperature profile of all metallic-
ity scenarios most consistent with the observations cross the
liquid area of the water phase diagram. Clouds that form
in this regime would form liquid water droplets and possibly
result in liquid water rain.
tion, we explore self-consistent forward modeling within
the range of O/H ratios consistent with the observa-
tions. We computed a set of fiducial atmosphere models
using the implementation described in Benneke et al.
(2019) and Morley et al. (2013). Both models itera-
tively solve the radiative-convective heat transport and
chemical equilibrium (Figure 6). The models predict the
onset of liquid condensation between 10 and 1000 mbar
at locations where the water vapor is super-saturated.
The fact that the best fitting retrieval models are ob-
tained for cloud top pressures in the same range (Figure
5) further supports the scenario of the condensation of
potentially liquid water droplets.
The detection of water vapor makes K2-18b a key
target for more detailed follow-up studies with the up-
coming James Webb Space Telescope (JWST ). Unlike
any other temperate and low-mass planet, we now know
that K2-18b shows evidence for atmospheric water va-
por and is amenable to characterization via transmis-
sion spectroscopy. JWST’s wavelength coverage will ex-
tend from 0.55 µm to the thermal infrared, where many
other molecular species like CH4, CO, CO2, and NH3
can be probed directly. The higher precision and spec-
tral resolution obtained from repeated JWST transit
observations will allow us to better constrain K2-18b’s
atmospheric composition and cloud properties, and po-
tentially even look for biomarkers in the gas envelope of
a habitable-zone exoplanet (e.g., Seager et al. 2013).
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